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ABSTRACT The oxidation of nitric oxide (NO) to nitrate
by oxyhemoglobin is a fundamental reaction that shapes our
understanding of NO biology. This reaction is considered to be
the major pathway for NO elimination from the body; it is the
basis for a prevalent NO assay; it is a critical feature in the
modeling of NO diffusion in the circulatory system; and it
informs a variety of therapeutic applications, including NO-
inhalation therapy and blood substitute design. Here we show
that, under physiological conditions, this reaction is of little
significance. Instead, NO preferentially binds to the minor
population of the hemoglobin’s vacant hemes in a cooperative
manner, nitrosylates hemoglobin thiols, or reacts with liber-
ated superoxide in solution. In the red blood cell, superoxide
dismutase eliminates superoxide, increasing the yield of S-
nitrosohemoglobin and nitrosylated hemes. Hemoglobin thus
serves to regulate the chemistry of NO and maintain it in a
bioactive state. These results represent a reversal of the
conventional view of hemoglobin in NO biology and motivate
a reconsideration of fundamental issues in NO biochemistry
and therapy.

The chemistry of nitric oxide (NO) interactions with Hb has
served as a ubiquitous model within the field of NO biochem-
istry. For example, the oxidative interaction of NO with
oxyhemoglobin (oxyHb) to produce nitrate is considered to be
the major route of NO catabolism (1–3) as well as a reliable
method for assaying NO (4); likewise the unique ability of NO
to induce displacement of a trans-imidazole heme ligand has
been proposed as key to its activation of guanylyl cyclase (5).
In the specific realm of the cardiovascular system, these
reactions: are fundamental elements of models for NO diffu-
sion (6, 7); played a crucial role in the identification of
endothelium derived relaxing factor (6–9); and inform a
variety of therapeutic applications, including NO-inhalation
therapy (10, 11) and blood substitute design (12, 13).

Measurements of the rates of these reactions show that the
NO-mediated oxidation of oxyHb to methemoglobin (metHb)
is kinetically competitive with the binding of NO to unoccu-
pied hemes in Hb—with specific rate constants of 3.7 3 107

M21 sec21 and 2.6 3 107 M21 sec21, respectively (14–16). The
rates of NO oxidation of oxymyoglobin and NO binding to
ferrous myoglobin are also very similar (3.4 3 107 M21 sec21

vs. 2.5 3 107 M21 sec21) (16). Such a rapid route of NO
metabolism is, however, difficult to reconcile with mammalian
NO production rates (17), which are orders of magnitude too
low to sustain physiological NO levels (10 nM–1 mM) (7,
18–20), were NO to be freely consumed in these reactions.i

Previous studies of the NO oxyHb reaction, however, had
been performed with NO concentrations 10-fold greater than
protein (16). Under physiological conditions, the concentra-
tion ratio is starkly different, with NO concentrations 1,000-

fold lower than Hb (20). Moreover, there is always a popula-
tion of heme sites that are unoccupied. In highly oxygenated
Hb, as found in arterial blood, this population is small ('1%)
but is nevertheless in excess of NO. The influence of these
vacant hemes, in the physiological situation, cannot be ignored;
they might successfully compete for NO with the much larger
fraction ('99%) of oxygen-ligated hemes, if NO binding to
hemes in oxyHb were cooperative, that is, if NO addition rates
were to increase with increasing oxygen saturation. This
possibility has not been raised in previous discussions of NO
and Hb chemistry (1–7, 16, 21–24). On the contrary, the
demonstrated lack of cooperativity in the binding of NO to
deoxyhemoglobin (deoxyHb) (14)—which indicates that the
intrinsic NO addition rate constants do not change with NO
saturation—implicitly shapes the current perspective. It is
important to recognize, however, that these results do not
imply that the NO addition rates to oxygenated Hb are
similarly independent of the oxygen saturation, and thus cannot
be assumed to apply to the physiological situation. In addition
to these oxidation and addition reactions, recent studies (20,
25, 26) make it clear that additional reactions, in particular
S-nitrosylation, should be considered in any assessment of the
chemical interplay of NO and human Hb. The S-nitrosylation
reaction assumes particular importance inasmuch as it con-
serves, rather than consumes, NO bioactivity.

In this article, we discuss the reactions that occur on
exposure of Hb to NO at relative concentrations that reflect
the physiological situation. We show that the addition of NO
to oxyHb takes advantage of the cooperative effects of oxygen
binding and thus effectively competes with the oxidation
reaction. We further find that at high oxygen saturations,
reactions that S-nitrosylate the protein occur to a significant
extent. Taken as a whole, these data indicate that the inter-
action of NO with oxyHb, rather than destroying NO bioac-
tivity as widely misapprehended, acts to preserve it—that Hb
very cleverly introduces new chemistry, when oxygen satura-
tion is high, that limits oxidation and channels the NO groups
into products that preserve their bioactivity. This picture
represents a substantial reversal of the conventional thinking
on the chemistry of Hb as it pertains to NO biology and has
fundamental implications for the general chemistry of heme-
containing proteins.
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iThe measured NO synthesis rate is 1.3 millimol per day for the average
person (17). To maintain a basal NO concentration of 10 nm—1 mM
in vivo (6, 7, 18–20), 130 to 13,000 mol of NO would be consumed per
day in reaction with Hb (assuming kox 5 3.7 3 107 M21 sec21 (14),
5 L vascular volume). The hypothetical NO consumption rate, there-
fore, is 105- to 107-fold greater than the actual production rate.
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METHODS

Reaction Product Analysis. To investigate the reaction of
NO with oxyHb, we begin by adopting the conventional
viewpoint that: NO consumption involves a competition be-
tween the oxidation reaction (Eq. 1) and the adduct-forming
addition reaction (Eq. 2); and that the specific rate constants
for these reactions, namely kox and kadd, are independent of the
degree of oxygen saturation (Y) of the hemes.

Fe(II)O2 1 NO3 Fe(III) 1 NO3
2 [1]

Fe(II) 1 NO3 Fe(II)NO [2]

These two assumptions define a perspective of the NO reaction
that we refer to as the ‘‘simple competition model.’’ Our
analysis of the reaction products, as described in this section,
enables us to test the adequacy of this model for describing the
chemistry and to recognize and interpret deviations from the
behavior implied by it.

In our experiments, NO is introduced as a limiting reagent
in an amount substantially smaller than the total amount of
oxy- and deoxyhemes. On completion of the reaction, the
following relation can be shown to exist among the products:

[Fe(II)NO]y[Fe(III)] 5 ~kaddykox!([Fe(II)]0y[Fe(II)O2]0) [3]

in which [Fe(II)]0 and [Fe(II)O2]0 are respectively the initial
concentrations of deoxy- and oxyheme. The simple form of Eq.
3 takes advantage of the fact that, independent of Y, at least
one of the reactions proceeds under pseudo-first order con-
ditions, and that kox ' kadd. The mass balance constraint
[Fe(II)NO] 1 [Fe(III)] 5 [NO]0 enables us to express the
product concentrations relative to the initial concentration of
NO, namely [NO]0, as:

[Fe(II)NO]y[NO]0 5 [1 2Y]y@1 2 Y 1 kY# [4]

in which k is koxykadd, and

[Fe(III)]y[NO]0 5 1 2 [Fe(II)NO]y[NO]0 [5]

Eqs. 4 and 5 provide the key relationships by which we test the
simple competition model—specifically, Eq. 4 indicates that
the fractional yield of nitrosylhemoglobin (nitrosylHb) as a
function of Y assumes the form of an arc, ranging from 100%
yield at Y 5 0 to 0% yield at Y 5 100%. The degree of
curvature of the arc is determined by k; it is a straight line for
k 5 1, but is bowed to one or the other side of this diagonal
line as k is alternatively increased or decreased. For no value
of k does the curve cross the diagonal. It is also worth noting
that the derivative of the curve is given by:

d([Fe(II)NO]y[NO]0)ydY 5 2 ky@1 2 Y 1 kY#2 [6]

hence as Y3 0, the tangential slope is 2koxykadd, and as Y3 1,
it is 2kaddykox. These properties are useful for recognizing
possible Y dependences of k that are inconsistent with the
simple model. Similarly, Eq. 5 provides a test for the presence
of additional reactions, beyond oxidation (Eq. 1) and addition
(Eq. 2): if additional reactions are significant, then [Fe(III)]
and [Fe(II)NO] will not account for the total NO ([NO]o)
consumed in the reaction, whence [Fe(III)]y[NO]0 1
[Fe(II)NO]y[NO]0 , 1.

NO Treatment of Hb. HbA0 was obtained from Apex
Bioscience (Research Triangle Park, NC). Buffer exchange
was achieved by dialysis. Deoxygenation was performed by gas
exchange with argon in a tonometer. NO was added from a
stock solution prepared under ultrapure helium and purified
across alkali and cold traps. Stock solutions of NO were
prepared in phosphate buffered saline containing 100 mM
diethylene triamine pentaacetic acid (DTPA), pH 7.4. NO

injections were made via a gas-tight Hamilton syringe with
Teflon seal. The concentration of NO in stock solutions was
assayed by electrode and by a Sievers 280 NO analyzer
(Boulder, CO).

Titration of Normoxic Hb with NO. Air-oxygenated Hb was
titrated with 0.22 mM NO. Samples were analyzed immediately
after NO addition by UV-visible spectrophotometry; time
between additions varied from 3 to 5 min.

Measurements of S-Nitroso-, Iron Nitrosyl-, and Met-Hb.
Nitrosoynitrosyl derivatives of Hb were measured by using a
photolysis-chemiluminescence technique [6-fold excess HgCl2
over protein was added to displace S-nitrosothiol (SNO) (26)].
Samples were kept on ice for a period of 5 min to 2 hr before
analyses. MetHb was monitored by UV-visible spectroscopy as
the difference absorption above the linear baseline (600–700
nm), and by EPR (below).

EPR Analysis. EPR spectroscopy was carried out with
samples in 4-mm i.d. fused silica tubes, at 76° K, on a Varian
E-9 spectrometer. UV-visible spectra were taken after NO
addition. The sample was then placed in a deoxygenated EPR
tube and plunged into liquid N2. EPR spectra of nitrosylHb or
dinitrosyl iron complexes (DNICs) were recorded in a single
4-min scan over 400 G on a Varian E-9 spectrometer operating
at 9.274 GHz, with 10-mW microwave power, 10–20 G am-
plitude of field modulation at 100 kHz, and time constant of
0.250 sec. Spectra of high-spin metHb were recorded with a
scan of 1,000 G, 20 G modulation amplitude, time constant of
0.128 sec, under otherwise identical conditions. NitrosylHb
was measured by double integration of EPR spectra and by
comparison to EPR spectra of Hb(NO)4 standardized with
UV-visible spectroscopy. The reproducibility of nitrosylHb
measurements was estimated to be 66% by repeated trials.

Measurement of Oxygen Saturation. Oxygen saturation of
Hb was verified by UV-visible spectroscopy by using a 1-mm
anaerobic cuvette.

Extinction Coefficients. The extinction coefficient spectra of
metHb, deoxyHb, iron nitrosylHb, and oxyHb were generated
from pure solutions of each species. HbA was diluted into PBS
(pH 7.4) to a known final heme concentration [as calculated by
the pyridine-hemochromagen method (23)]. MetHb was syn-
thesized by adding excess K3FeCN6. DeoxyHb was measured
after the addition of dithionite, and nitrosyl- and oxyHb were
measured after saturation with each ligand.

Modeling of UV-Visible Difference Spectra. Difference
spectra were obtained by subtracting the UV-visible spectrum
of a given sample before the addition of NO from those after.
The simple competition model discussed above predicts that
such difference spectra could be approximated by a linear
combination of two standard difference spectra: an oxyHb
minus metHb spectrum, which gauges the progress of the NO
oxidation reaction, and a deoxyHb minus iron nitrosylHb,
which gauges the NO addition reaction; the sum of the
combining coefficients is fixed by the mass balance ([NO]0).
Standard difference spectra were obtained from UV-visible
spectra of authentic samples of metHb, oxyHb, nitrosylHb, and
deoxyHb. We determined combining coefficients by a least-
squares fitting procedure. Inasmuch as the deoxy- andyor
oxyheme concentrations can decline during the competition,
an additional component (deoxyHb minus oxyHb) could be
expected.

RESULTS AND DISCUSSION

EPR spectroscopy was used to assess the formation of nitrosyl
heme on addition of NO to Hb preparations with oxygen
saturations (Y) in the range 0–80% (typical EPR spectra are
shown in Fig. 1A and B). EPR signal intensities were used to
quantify the proportion of nitrosylated hemes relative to the
NO initially added; the results of this quantification are plotted
vs. Y in Fig. 1C (10 mM phosphate) and D (100 mM phos-
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phate). The data obtained at high phosphate levels follow the
behavior described by Eq. 4, the solid curves through the data
points are graphs of Eq. 4 with k values for the two depicted
curves averaging 1.40 6 0.06. The data obtained at the lower
phosphate level, however, exhibit a notable deviation from the
simple model: they cross the diagonal, thus showing a pro-
gressive overproduction of nitrosyl heme. Furthermore, the
limiting tangential slopes indicate that k is decreasing with
increasing Y. By empirical curve fitting, we found that the data
in Fig. 1C are well described by a function of the form (1 1
Y)y(1 1 cY) (c, a constant). (The solid lines in Fig. 1C are
graphs of this function with least-squares best values of the
parameter c). This functional form can be assimilated to that
of Eq. 4, provided k is allowed to vary with Y [specifically, k 5
(c 2 1)(1 2 Y)y(1 1 Y)]. This result indicates that over the 0
to 80% range of oxygen saturation, k decreases 7-fold and
suggests, by extrapolation, a 100-fold decrease at 90% satura-
tion. We attribute this variation in k primarily to an increase
in kadd,, as kox does not vary by more than a factor of 2, as
judged from the limiting slopes and the literature values for kox
(Y 5 100%) and kadd (Y 5 0%).

We also assessed the formation of oxidized ferric hemes with
EPR (data not shown) and UV-visible difference spectroscopy
(Fig. 2). The results obtained from samples in 100 mM
phosphate conform to the simple competition model: the
dashed lines in the figure, which are calculated from the curves
depicted in Fig. 1D following Eq. 5, agree extremely well with
the experimental measurements. Experiments conducted in 10
mM phosphate, however, show a stark deviation from the
simple model behavior. Qualitatively, the results show that
heme oxidation never grossly exceeds heme nitrosylation.
Moreover, there is a progressive shortfall in the Fe(III) and
Fe(II)NO products. This shortfall is indicated by the departure
of the experimental points (10 mM phosphate) in Fig. 2, from

FIG. 1. Production of iron nitrosylHb by addition of NO to
variously oxygenated Hb. (A) EPR spectra of iron-nitrosyl Hb deriv-
atives formed by incubation of 19 mM NO with 393 mM Hb at various
degrees of oxygen saturation in 10 mM phosphate buffer, pH 7.4. The
oxygen saturations for the largest through smallest EPR signals are 5.5,
32, 50, and 69%, respectively. Spectra show predominantly six coor-
dinate a and b nitrosyl hemes, as typically observed for Hb in R state.
(B) EPR spectra of iron-nitrosyl Hb derivatives formed by incubation
of 55 mM NO with 380 mM Hb at various degrees of oxygen saturation
in 100 mM phosphate, pH 7.4. The oxygen saturations for the largest
through smallest EPR signals are 1, 15, 41, 60, and 80%, respectively.
Spectra show a significant component of five coordinate a nitrosyl
hemes (triplet structure) associated with Hb in T state. (C) Trials
conducted with Hb in 10 mM phosphate, pH 7.4. The symbols are
experimental results and the solid lines represent a best fit to the
functional form for cooperative NO binding. Open diamonds, 393 mM
Hb incubated with 19 mM NO; open circles, 350 mM Hb incubated with
15 mM NO plus 0.05% borate (added to bring the buffer concentration
to 100 mM as in D); open squares, 365 mM Hb incubated with 15 mM
NO and 1,190 unitsyml SOD. (D) Trials conducted with Hb in 100 mM

FIG. 2. Production of metHb by reaction of NO is disfavored with
increasing oxygen saturation. The samples used in Fig. 1 were assayed
for metHb production by UV-visible difference spectroscopy. The
data are normalized to added [NO]. As in Fig. 1, open diamonds, 10
mM phosphate; open circles, 10 mM phosphate plus borate; open
squares, 10 mM phosphate plus SOD; filled circles and filled squares,
100 mM phosphate. The dotted (10 mM phosphate) and dashed (100
mM phosphate) lines are calculated by using Eq. 5 and Fe(II)NO yields
in Fig. 1 C and D, respectively. Data show metHb to be disfavored in
low phosphate, particularly at high oxygen saturation. Deviations of
the data points below the curves suggest the presence of additional
reactions for NO. Systematic deviations are most pronounced in low
phosphate at high oxygen saturation—i.e., under physiological condi-
tions.

phosphate, pH 7.4. The symbols are experimental results, and the lines
represent a best fit to the functional form for simple competition
between oxidation and NO addition reactions (Eq. 4). Filled circles,
380 mM Hb incubated with 55 mM NO; filled squares, 375 mM Hb
incubated with 7 mM NO. Application of the simple competition
function to data of C or the cooperativity function to data of D gives
an order of magnitude increase in x2.

Biochemistry: Gow et al. Proc. Natl. Acad. Sci. USA 96 (1999) 9029



the curves calculated from the curves depicted in Fig. 1D
following Eq. 5, and amounts to as much as '20% of added
[NO]0. This behavior strongly suggests the presence of addi-
tional NO reaction pathways.

In summary, we find that NO binding to oxyHb is cooper-
ative; that oxidation to ferric heme (metHb) is limited under
physiological conditions; and that additional chemistry is
occurring in the more oxygenated Hb species that are preva-
lent in vivo. Our findings might seem at odds with previous
literature suggesting that NO binding to Hb is noncooperative
(14). The proper conclusion to draw from these prior studies,
however, is that NO (ligand) binding to nitrosylHb shows little
cooperativity with varying NO-saturation—a scenario of little
physiological relevance, because NO is never the dominant
ligand in vivo. Our results reflect the physiological situation in
which the ligand, NO, binds to Hb with some degree of oxygen
saturation. The functional behavior in this situation is, not
surprisingly, cooperative. In this regard, experiments of par-
ticular interest are those conducted in the presence of high
phosphate concentrations (100 mM), which perturb the allo-
steric modulation of ligand affinity by disfavoring the relaxed
[R (oxy)] structure among the partially ligated hemoglobins, as
evidenced by the hyperfine structure in the EPR (Fig. 1B) (27).
Thus, normal T (deoxy)yR (oxy) interconversion in Hb ap-
pears to be essential for ‘‘normal’’ NO function (Fig. 1 A and
C). Taken together, the EPR results demonstrate that when
the oxygen-induced allosteric transition is unhindered, NO
binding to oxygenated Hb is cooperative—a situation that
leads to enhanced iron nitrosyl- and limited metHb formation.

To extend these results to arterial oxygen saturation (of
'99%) and physiological NO concentrations ('1 mM), we
used photolysis–chemiluminescence to measure nitrosyl de-
rivatives of Hb (Fig. 3A). In these experiments, normoxic Hb
is in excess of NO, but NO is in excess of the vacant hemes, a
scenario disfavoring NO addition. Our results show that even
at high oxygen saturation, a substantial fraction of the NO—
rather than forming nitrate by the oxidation reaction—forms
chemiluminescence-detectable nitrosyl derivatives. Of further
interest, the yield of nitrosyl species increases with increasing
[Hb] up to a maximum of approximately 50% of NO added
(relative to the [Hb] the nitrosyl yield varies from 3 to 0.6%)
(Fig. 3A). In the simple competition model, the fraction of
nitrosylation products would be independent of protein con-
centration. These results thus clearly demonstrate that addi-
tional reactions, beyond NO binding to vacant hemes to form
the nitrosyl-heme derivative, are occurring under these con-
ditions.

To gain further insight into this chemistry, we used the
discriminating power of difference absorption spectroscopy.
Difference spectra obtained by titration of submicromolar
concentrations of NO against 33 mM Hb in room air (99% O2
saturation) are shown in Fig. 3C; standard difference spectra
of authentic met-, deoxy-, and nitrosylHb relative to oxyHb are
shown in Fig. 3B. If the chemistry were to proceed according
to the simple model, then at Y 5 99% the oxidation reaction
would predominate and the observed difference spectra would
closely resemble the metHb minus oxyHb standard difference
spectrum. This behavior was observed only at high phosphate
concentrations (Fig. 3 C and D), consistent with the EPR
results above. At low phosphate concentrations, we found that
the difference spectra point largely toward the formation of

FIG. 3. NO addition under normoxic conditions ('99% O2 satu-
ration) produces nitrosylated Hb. (A) Nitrosyl content of oxyHb (10
mM phosphatey100 mM DTPA, pH 7.4) after exposure to 1.2 mM NO,
as measured by photolysis-chemiluminescence (26). Nitrosyl yield
increases as a function of Hb concentration (P , 0.05). Solid symbols,
absolute yield of NO bound to Hb (FeNO plus SNO); open symbols,
percentage of NO added. Data shown are the average of 7 to 19
experiments 6SE. (B) Standard difference spectra of metHb (solid
line), deoxyHb (dotted line), and iron nitrosylHb (dashed line) vs.
oxyHb (see Materials and Methods for conditions). (C) Difference
spectra generated from the exposure of NO to normoxic ('99%
oxygen sat.) Hb. NO was added (in 10 aliquots totaling 2.2 mM) to 33
mM Hb in 100 mM phosphate (solid line) or 10 mM phosphate (dotted
line) or 10 mM phosphate plus 0.05% borate (dashed line). Notably,
the spectrum in 100 mM phosphate shows the formation of metHb
(e.g., peak at 630 nm; see B for comparison); the spectrum in 10 mM
phosphate shows formation of iron nitrosyl Hb and some metHb [e.g.,
peak at 595 nm (nitrosyl) and small peak at 630 nm (met); see B for
comparison]; and the spectrum in 10 mM phosphate plus borate shows
predominantly iron nitrosylHb (e.g., peak at 595 nm; see B for
comparison). (D) Calculated fits for difference spectra shown in C,
demonstrating simple (noncooperative) competition between NO

binding and oxidation reactions in high phosphate (solid line, 95%
metHb) and cooperative binding in low phosphate (dotted line, 54%
iron nitrosylHb; only 50% of the added NO accounted for) and low
phosphate plus borate (dashed line; 85% iron nitrosylHb). Specifically,
spectra in C were fitted, by a least-squares process, to either the simple
competition model or the cooperativity model without a mass balance
constraint.
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nitrosylated heme: much of the difference spectrum can be
accounted for by the deoxyHb minus nitrosylHb standard
spectrum (Fig. 3C). To produce adequate difference-spectrum
simulations, it was necessary to include a deoxyHb minus
oxyHb component (presumably reflecting compensation for
the nitrosylative loss of vacant hemes), and, most significantly,
to relax the mass-balance constraint: a measurable fraction of
[NO]o was not accounted in the Hb spectra (Fig. 3 C and D);
the spectra account for only 50% in low phosphate and 80% in
low phosphate plus borate. Taken as a whole, these data extend
to normoxic conditions the conclusions made above, namely:
direct oxidation by NO is not the predominant reaction at low
NO to heme ratios; addition of NO to vacant hemes remains
competitive; and further reaction pathways, beyond oxidation
and addition, must be occurring.

One additional species that could compete for NO is su-
peroxide—liberated by the autooxidation of oxygenated Hb
(28). To examine this possibility, we repeated the experiments
detailed in Fig. 3A in the presence of superoxide dismutase
(SOD) (Fig. 4A). At all concentrations of Hb used, the
presence of SOD increased the yield of Hb nitrosyl derivatives
(i.e., total NO bound) to approximately 100% of [NO]o (Fig.
4A). Similarly, SOD led to increases in the yield of nitrosylated
hemes detected in the EPR experiments (Fig. 1C). Evidently,
under these conditions, superoxide is a significant competitor
for NO, or perhaps SOD alters the reactivity (oxidation andyor
ligand binding) of Hb. Interestingly, when these experiments
were performed with stroma-free Hb, a RBC preparation that
contains normal levels of SOD, similar results were observed
(Fig. 4A). It is further notable that analogous effects on the
nitrosyl yield—assessed by EPR, chemiluminescence, and dif-
ference spectroscopy—were obtained when borate was in-
cluded in the buffer medium (Figs. 1 A, 2, and 3C). Borate most
likely exerts this effect by altering the ligand on-rate for NO or
the reactivity of the oxygen ligand with NO, or perhaps the
intrinsic autooxidation rate of Hb. Phosphate levels may also
influence these parameters.

An important clue to additional reaction pathways comes
from our analyses under normoxic conditions: nitrosyl yields as
high as 6% of Hb were observed by photolysis-chemilumines-
ence, notwithstanding the fact that the proportion of heme
vacancies is only '1%. These nitrosyl species, moreover, did
not affect the UV-visible spectra. EPR of samples under these
conditions exhibit spectra similar to the DNICs exhaustively
studied by Vanin (29), albeit they account for a small percent-
age of NO added (Fig. 4B). DNICs are known to form from
SNOs with which they exist in equilibrium (29). Indeed,
chemiluminesence analysis of the products formed on addition
of 1.2 mM NO to 48 mM oxyHb, which produces nitrosyl yields
of approximately 500 nM (Figs. 1 A and 3A), show that '80%
of this nitrosyl yield is SNO (Fig. 4C). Moreover, treatment of
aerated RBCs with physiological concentrations of NO (1 mM)
resulted in relatively high yields of intracellular S-nitroso-
oxyHb (Fig. 4D). Specifically, analyses revealed (after inherent
time delays of '30 min) yields of intracellular S-nitrosoHb,
iron-nitrosylHb, and metHb of 103 6 38 nM, 42 6 15 nM, and
0 nM (i.e., none detectable), respectively (n 5 12), and the
further appearance of nitrosyl heme adducts on lowering of the
oxygen tension, in general agreement with studies on isolated
Hb (Figs. 1, 3A, and 4 A and C).

Although the oxidation reaction (Eq. 1) has been given great
significance in NO biology, our data demonstrate that it is
likely to be of little significance under normal physiological
conditions. Because of the low concentration of NO relative to
Hb, vacant hemes are in excess over NO. This excess, together
with the cooperativity of ligand binding in oxyHb, enables the
addition of NO to heme to compete with the oxidation reaction
even at high oxygen saturation. Moreover, in oxygenated Hb,
additional reactive pathways that preserve NO bioactivity are
available, including the production of SNO and DNIC. These

results are in keeping with in vivo observations of Hb nitrosyl
derivatives, the levels of which are generally unrelated to
metHb concentration (27), directly responsive to NO admin-
istration (27), and dynamically controlled by allosteric state of

FIG. 4. S-nitrosoHb and iron nitrosylHb formed under various
physiological air-oxygenated conditions. (A) SOD increases the yield
of NO bound to Hb. The experiments in Fig. 3A were repeated in the
absence (solid line; 1.2 mM NO) or presence (dashed line; 1.5 mM NO)
of 1,190 unitsyml of SOD, which enhances the yield of nitrosyl species
to approximately 100% of the NO added. Similar nitrosyl yields were
obtained by using stroma-free Hb (25 mM), which is enriched in
endogenous SOD (open circle). Data shown are the average of five to
nine experiments 6SE. (B) EPR spectrum of a DNIC formed by
exposure of oxyHb ('99% sat; 3.93 mM) to NO (36 mM). (C)
S-nitrosoHb and iron nitrosylHb formed by exposure of oxyHb ('99%
sat., 48 mM) to NO (1.2 mM). SNO (hatched bar) and FeNO (solid bar)
were measured by photolysis-chemiluminesence (26). Data shown are
the average of 12 experiments 6SE. (D) Measurement of intraeryth-
rocytic S-nitrosoHb and iron nitrosylHb formed by exposure of
oxygenated RBCs (mean [Hb], 25 mM) to 1 mM NO. Isolation of Hb
and measurements were as previously described (26). Data are the
mean of 12 experiments 6SE.
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Hb (26, 30) but otherwise unrelated to Hb oxygen saturation
(26, 27, 30). These findings also help reconcile NO biochem-
istry with NO production rates in mammals (17)—which are
orders of magnitude too low to sustain physiological NO levels,
were the oxyHb reaction dominant. In addition, they rational-
ize the ability of inhaled NO, which is purportedly inactivated
by Hb in the lungs (10, 11, 31), to lower systemic blood pressure
(11), increase aortic tissue cGMP levels (32), avert sickling of
RBCs (33), improve blood flow to ischemic tissues (34), and
increase glomerular filtration rate (35).

These discoveries have a strong bearing both on the way
NO–heme interactions are modeled and on our understanding
of NO biology. The current view of the NO interaction with Hb
in vivo is derived from a model in which the elimination as NO3

2

is dominant and NO release from Hb is inconsequential (1, 3,
4, 6, 7, 15, 16, 36). In reality, Hb musters additional reaction
pathways to keep the balance in favor of maintaining the NO
group in a bioactive state. These chemical reactions with thiols,
metals, and superoxide are the essential elements of the
extended paradigm of NO biochemistry presented some years
ago (37).

Our results have important implications for rational design
of blood substitutes, NO scavengers, and therapeutic NO
donors. Additionally, they predict that measurements of NO
with the oxyHb assay will tend to underestimate NO produc-
tion, unless appropriate precautions are taken, and more
generally point to limitations of Hb-based approaches for
identification of NO bioactivity. Finally, these findings raise
fundamental questions. For example, nitrate remains the
major metabolic product of NO in vivo, but the question now
arises as to its source. It is tempting to suggest the involvement
of a heme protein that can neither enforce the cooperativity of
ligand binding, nor recruit the thiol reaction pathway. These
properties are exemplified in the bacterial f lavohemoglobin
whose recently identified enzymatic function involves the
oxidation of NO to nitrate (38, 39). Whereas the primordial
bacterial Hb is designed to metabolize NO (39), mammalian
Hb is designed to secure and deliver it (20, 25, 26). These
observations suggest that the molecular evolution of Hb was
impacted by its NO-related functions.
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